Changes in cold hardiness, high-temperature tolerance and trehalose content in the onion maggot, Delia antiqua (Diptera: Anthomyiidae), associated with the summer and winter diapause were investigated. Survival of summer-and winter-diapausing pupae after a 15 day exposure to Ϫ15°C was greater than 80%, while less than 5% of non-diapausing pupae survived the same treatment. Greater than 80% of winter-diapausing pupae survived Ϫ23°C for 15 days, but survival of summer-diapausing pupae at the same procedure was less than 30%. More than 75% of summer-and winter-diapausing pupae, but not non-diapausing pupae, tolerated 35°C for 15 days. Trehalose concentrations in summer-and winter-diapausing pupae were not high at the beginning of diapause (Ϸ5 mg/mg), but increased gradually and reached 10 mg/mg in 40 days, although they were kept at relatively high temperatures of 25°C (summer diapause) or 15°C (winter diapause). Cold hardiness of pupae, however, was not proportional to their trehalose content; although trehalose concentrations in winter-and summer-diapausing pupae at day 40 (WD40 and SD40) were similar (Ϸ10 mg/mg), cold hardiness of these pupae differed largely (WD40ϾSD40).
INTRODUCTION
The onion maggot, Delia antiqua (Diptera: Anthomyiidae), has 3-4 generations a year in Japan, and is known to overwinter as diapausing pupae (Tomioka, 1977) . Furthermore, the summer population of this species is suggested to pass the hottest season as diapausing pupae (Maki et al., 1959; Park et al., 1990) . In the laboratory, winter diapause in D. antiqua is induced by low temperatures and short day-lengths (Յ15°C under 12L-12D, Ishikawa et al., 1987) , and summer diapause is induced by high temperatures and long daylengths (Ն23°C under 16L-8D, Ishikawa et al., 2000) . Many insect species are known to enter both summer and winter diapause, however, a majority of these species enter summer and winter diapause at different stages (Masaki, 1980) . Therefore, although a comparison of summer and winter diapause is useful to probe the nature of diapause, relevant comparisons are possible in a limited number of species that enter the two types of diapause at the same stage, e.g., D. antiqua and the cabbage armyworm, Mamestra brassicae (Kimura and Masaki, 1992; Goto and Hukushima, 1995) .
One of the features of diapause is the tolerance for extreme environmental conditions (Tauber et al., 1986) . Winter-diapausing insects generally show strong cold hardiness. The increase of cold hardiness in some insects is tightly linked to diapause, whereas in others it occurs coincidentally but independently from diapause (Denlinger, 1991) . Some insects in summer diapause show enhanced tolerance for high-temperature and desiccation, although experimental analyses of the association between diapause and tolerance are scanty (Tauber et al., 1986) . In D. antiqua, the changes of cold hardiness and high-temperature tolerance associated with winter and summer diapause remained to be studied, although the dynamics of these processes have been investigated in the cabbage maggot, D. radicum, a congener of D. antiqua (Košťál and Šimek, 1995) .
Many insects accumulate sugars and/or polyols, e.g., trehalose, sorbitol and glycerol, as cryoprotectants during overwintering. Accumulation of these compounds is triggered by low temperature and/or by entering winter diapause itself (Storey and Storey, 1983; Han and Bauce, 1995) . In many instances, accumulation of cryoprotectants is associated with, and plays an important role in the enhancement of cold hardiness in winter-diapausing insects. In contrast, accumulation of sugars and polyols in summer-diapausing insects is not well documented. In D. radicum, trehalose was shown to be the major cryoprotectant (Košťál and Šimek, 1995) . In our preliminary experiments with D. antiqua, a significant increase of trehalose, but not glycerol, was observed in winter-diapausing pupae (Yamashita, unpublished data).
In yeast, trehalose is indicated to be involved in tolerance for multiple stresses, e.g., freezing, heat, salt and desiccation (D'amore et al., 1991; Eleutherio et al., 1993; Soto et al., 1999) . Recently, expression of foreign trehalose-6-phosphate synthase gene was shown to confer desiccation tolerance on human cells and tobacco plants (Romero et al., 1997; Guo et al., 2000) . It is therefore possible that trehalose is involved in high-temperature and desiccation tolerance, as well as cold hardiness, in insects. If this is the case, summer-and winter-diapausing pupae are expected to show cross-tolerance to cold and high temperature, respectively.
In the present study, survival of D. antiqua pupae in summer diapause, those in winter diapause and those not in diapause was examined after exposure to subzero temperatures (Ϫ15 or Ϫ23°C) or to high temperature (35°C) for different periods. We also investigated whether the accumulation of trehalose is associated with the summer and winter diapause in D. antiqua.
MATERIALS AND METHODS
Insects. Onion maggots were originally collected at Sapporo, Japan, and their offspring have been reared on an artificial diet (Ishikawa et al., 1983) for about 30 generations in the laboratory. Adults were reared in a cage (30ϫ30ϫ30 cm) with a supply of water, sugar and yeast extract Wako) . The cages were kept in an environmental room controlled at 23Ϯ1°C and under a photocycle of 16 h light-8 h dark (16L-8D) and 50-70% relative humidity. A plastic dish (8 cm diam.ϫ4 cm height) containing damp glass beads and several pieces of onion was placed in the cage as the oviposition substrate. Insects were reared under the following conditions to induce summer or winter diapause (Ishikawa et al., 1987 . In the present study, the age of pupae was expressed by the days after pupariation, with the day of pupariation being day 0. 1) Winter diapause (WD). Larvae were reared on an artificial diet at 15°C and 12L-12D. Under these conditions, almost all pupae entered winter diapause. Puparia were maintained under the same conditions as larvae.
2) Summer diapause (SD). Larvae were reared at 25°C and 16L-8D. Under these conditions, more than 95% of pupae entered summer diapause. Puparia were maintained under the same conditions. At 25°C, co-occurring non-diapausing pupae could be distinguished after day 8 by inspecting the pupal development through the semi-transparent pupal case, and were excluded from the sample. Summerdiapausing pupae before day 8 may have included at most 5% non-diapausing individuals.
3) Non-diapause (ND). Larvae were reared at 23°C and 16L-8D. After pupariation, the insects were maintained at 17°C and 16L-8D to advance non-diapause development in all pupae. At this temperature, no apparent adult morphogenesis occurred until day 14. Thus the 6-day-old pupae (ND6), which were subjected to cold-and hightemperature treatments, were completely indistinguishable from diapausing pupae.
To avoid a possible effect of temperature change, summer-and winter-diapausing pupae were maintained under the same conditions as larval rearing. In both types of diapause, diapause development (diapause ending process) progressed very slowly under the respective diapause-inducing conditions. None of the 10-day-old summer-diapausing pupae (SD10) and 40-day-old winter-diapausing pupae (WD40) completed diapause, however, a very small portion of SD40 and WD80 were considered to be in post-diapause development Nomura, unpublished) .
Cold-tolerance. A Petri dish containing 50 pupae (ND6, SD40, WD40 or WD80) was placed in a Styrofoam box and kept at Ϫ15°C (Ϫ14.9Ϯ 0.2°C) or Ϫ23°C (Ϫ22.9Ϯ0.3°C) for 2, 4, 6, 9, 12 or 15 days, and then transferred to 23°C, 16L-8D. Adult eclosion was recorded for 20 days after the treatment. Then, all remaining pupae were inspected through the pupal case, and an individual was regarded dead if it was shrunken by desiccation. The individuals that had emerged as flies and those remaining as live pupae were regarded as survivors of the cold treatment.
High-temperature tolerance. More than 50 pupae each in summer diapause (SD10), winter diapause (WD10) or those not in diapause (ND6) were placed on a sheet of damp filter paper in a Petri dish and kept at 35Ϯ0.3°C for 2, 4, 6, 9, 12 or 15 days, and then transferred to 23°C, 16L-8D. Twenty days after the treatment, the number of flies that had emerged was recorded and all remaining puparia were examined; a pupa was regarded as dead if it was shrunken. The individuals that emerged as flies and those remaining as live pupae were regarded as survivors of the high temperature treatment.
Reagents. Trehalase and o-phenylene diamine were obtained through Sigma (MO, U.S.A.) and Nacalai Tesque (Kyoto, Japan), respectively. Glucose oxidase and peroxidase were from Roche Diagnostics (Tokyo, Japan). Chloroform and glucose were purchased from Kanto Chemical Co. (Tokyo).
Trehalose content. The old cuticle of a puparium was removed carefully with forceps, and the pupa was homogenized in a micro-centrifuge tube with 600 ml of 80% ethanol and centrifuged at 5,000 rpm for 5 min. The supernatant was transferred to a new micro-centrifuge tube, and dried in vacuo using a centrifugal evaporator (VEC-100, Asahi-Techno, Tokyo). Distilled water (500 ml) and 200 ml of chloroform were added to the residue and vortexed. After centrifugation at 3,000 rpm for 3 min, the chloroform layer containing lipid was removed, and 500 ml of distilled water was added. This preparation was stored at Ϫ20°C until use for determination of trehalose content.
Trehalose in the sample was first converted to glucose by trehalase, and the amount of glucose produced was determined by the glucose oxidase method (Huggett and Nixon, 1957) . Fifty microliters of the sample was incubated at 37°C for 1 h with or without 0.01 U trehalase. After addition of 250 ml glucose oxidase reagent (0.25 M phosphate buffer, 7.5 units glucose oxidase, 2.0 units peroxidase, 2.1 mM o-phenylene diamine, pH 7.0) and incubation at 30°C for 20 min, sulfuric acid (1.2 ml, 0.1 N) was added to stop the reaction. Glucose concentration was calibrated by absorbance at 490 nm using standard glucose solutions. The amount of trehalose was obtained from 0.95ϫ(amount of glucose in the sample treated with trehalaseϪthat in the sample without trehalase).
RESULTS

Cold hardiness
A preliminary experiment showed that exposure to Ϫ10°C for 15 days did not affect the survival of non-diapausing pupae, the survival rate being more than 95% (data not shown). At Ϫ15°C, the survival rate of 6-day-old non-diapausing pupae (ND6) after a 1 day exposure was 74%, and decreased sharply as the duration of exposure was extended (Fig. 1) . Only 2% of pupae could survive a 15 day exposure to Ϫ15°C. In contrast to the non-diapausing pupae, 40-day-old winter-diapausing pupae (WD40) were not affected by exposure to Ϫ15°C for up to 15 days. Survival of 40-day-old summerdiapausing pupae (SD40) at Ϫ15°C was also very high, although slightly lower than that of WD40. At Ϫ23°C, although survival of WD40 and 80-dayold winter-diapausing pupae (WD80) was not affected, the survival of SD40 decreased sharply when the duration of exposure exceeded 5 days (Fig. 2) . These experiments indicated that the cold hardiness of onion fly pupae is in the following order; winter-diapausing pupae (WD40, WD80)Ͼ summer-diapausing pupae (SD40)Ͼnon-diapausing pupae (ND6).
High-temperature tolerance
Survival of non-diapausing pupae after a 35°C treatment for up to 6 days was high (Fig. 3) . HowTolerance of Diapausing D. antiqua Pupae 445 Fig. 1 . Survival of Delia antiqua pupae after exposure to Ϫ15°C for different periods (nϭ50). After the exposure, pupae were maintained at 23°C and 16L-8D. ND6: 6-day-old non-diapausing pupae, SD40: 40-day-old summer-diapausing pupae, WD40: 40-day-old winter-diapausing pupae. * Significantly different from the survival of corresponding WD40 by Ryan's test on proportions (Ryan, 1960; pϽ0.05). ever, only a few flies emerged during the 6-day treatment, although they were expected to emerge in 6 days at 35°C if pupal development had not been hindered. Since flies finally emerged from a large number of pupae when they were transferred to 23°C, a transient disorder in pupal development caused by a short exposure to 35°C appears to be restorable. When the treatment at 35°C exceeded 6 days, however, the number of survivors decreased sharply (Fig. 3) . Fewer flies emerged and there were no live pupae 20 days after the 35°C treatment. Less than 10% of non-diapausing pupae survived a 15-day treatment at 35°C. These results clearly indicate that 35°C is fatal for pupal development in D. antiqua.
In contrast to non-diapause pupae, exposure to 35°C only marginally affected the survival of diapausing pupae (Fig. 3) . The survival of summerand winter-diapausing pupae was greater than 75% even after a 15-day treatment at 35°C.
Trehalose content
Trehalose content of D. antiqua soon after pupariation was approximately 3-5 mg/mg, regardless of diapause attributes (Fig. 4a, b) . Trehalose content of non-diapausing pupae fluctuated in a small range during pupal development (Fig. 4a) . After an initial small depression, the trehalose content in summer-diapausing pupae increased linearly and reached a maximum (Ϸ10 mg/mg) 30 days after pupariation, and thereafter it decreased gradually (Fig. 4b) . Although the trehalose content of winterdiapausing pupae followed a trend very similar to that of summer-diapausing pupae until day 40, it continued to increase until day 60 when it reached as high as 15 mg/mg. The trehalose content of winter-diapausing pupae decreased sharply after day 80.
In summer-and winter-diapausing insects, it was obvious that trehalose accumulated after onset of diapause. It should also be noted that both summerand winter-diapausing pupae in the present study had never experienced a 'low' temperature; sum-446 M. Nomura and Y. Ishikawa Fig. 2 . Survival of Delia antiqua pupae after exposure to Ϫ23°C for different periods. After the exposure, pupae were maintained at 23°C and 16L-8D. SD40: 40-day-old summerdiapausing pupae, WD40 and WD80: 40-day-old and 80-dayold winter-diapausing pupae, respectively. * Significantly different from the survival of corresponding WD40 by Ryan's test on proportions (Ryan, 1960; pϽ0.05) . Fig. 3 . Survival of Delia antiqua pupae after exposure to 35°C for different periods. After the exposure, pupae were maintained at 23°C and 16L-8D. ND6: 6-day-old non-diapausing pupae, SD10: 10-day-old summer-diapausing pupae, WD10: 10-day-old winter-diapausing pupae. Fig. 4 . Changes of trehalose content in non-diapausing, summer-diapausing and winter-diapausing Delia antiqua pupae (nϭ4). a. ᭹: non-diapausing pupae maintained at 17°C and 16L-8D. b. : winter-diapausing pupae maintained at 15°C and 12L-12D, ᭡: summer-diapausing pupae maintained at 25°C and 16L-8D. Bars indicate standard deviations.
mer-and winter-diapausing pupae were kept at 25°C and 16L-8D, and 15°C and 12L-12D, respectively. This finding indicates the presence of an underlying process to trehalose accumulation that does not require low temperature.
DISCUSSION
The most significant finding in the present study is the accumulation of trehalose in the summer-diapausing D. antiqua pupae, as well as in the winterdiapausing pupae. In a congener, D. radicum, winter-diapausing pupae accumulated trehalose, but pupae in high-temperature quiescence did not (Košťál and Šimek, 1995) . These two congeners exhibit very similar dormancy at high temperatures. However, because of the difference in the requirement of diapause development, summer dormancy in D. antiqua is considered to be summer diapause , and that in D. radicum is considered as high-temperature quiescence (Finch and Collier, 1985) . Košťál and Šimek (1995) measured the trehalose content of quiescent pupae 7 days after pupariation at 27°C. In D. antiqua, accumulation of trehalose became significant at day 20 (Fig. 4b) . Thus the time of measurement in D. radicum may have been too early for a significant accumulation of trehalose. Alternatively, the difference in accumulation of trehalose in the summer dormancy in these two species may reflect the difference in the nature of dormancy.
It has been suggested that the origin of diapause is attributed to the tropical regions (Denlinger, 1986; Pullin and Wolda, 1993) . Pullin (1996) supposed that metabolic suppression associated with diapause resulted in accumulation of low concentrations of carbohydrates, and that selection for enhanced carbohydrate accumulation occurred first in response to drought stress in tropical regions. The cryoprotective function of carbohydrates was selected for more recently to adapt to temperate and cold climates, allowing colonization of insects in these regions.
Accumulation of trehalose and enhanced tolerance of diapausing D. antiqua pupae may be explained in conjunction with the above hypothesis: Firstly, the metabolism in winter-diapausing pupae was actually shown to be extremely suppressed (Ishikawa et al., 1988) . Secondly, the similar rate of trehalose accumulation in the two types of diapause suggests the same or a similar underlying mechanism. Lastly, cross-tolerance in D. antiqua diapausing pupae may be partly explained by the increase of trehalose, since this carbohydrate is known to be involved in various stress tolerance in several organisms (Romero et al., 1997; Soto et al., 1999; Guo et al., 2000) .
The level of trehalose concentration in winter-diapausing D. antiqua pupae reached more than 1.5%. Trehalose is considered to protect organisms from cold injury by stabilizing proteins and membrane lipids (Anchordoguy et al., 1987; Ring and Danks, 1998) , and consequently increase overall cold hardiness. However, cold hardiness is not always strictly proportional to the concentration of trehalose. In D. radicum, the peak of trehalose content fluctuations did not coincide with the peak of cold hardiness (Košťál and Šimek, 1995) . In D. antiqua, although trehalose concentrations in winterand summer-diapausing pupae at day 40 (WD40 and SD40) were similar (Ϸ10 mg/mg), cold hardiness of these pupae differed significantly (WD40Ͼ SD40). These findings suggest that additional factor(s) are involved in the enhanced cold hardiness of D. antiqua and D. radicum diapausing pupae.
Survival of SD40 at Ϫ15°C was slightly lower than that of WD40, however, this does not directly suggest that SD40 was less cold hardy than WD40. Since extension of cold treatment time apparently did not decrease the survival of pupae, the lower survival in SD40 can be attributed to the presence of less cold hardy heterogeneous pupae, which were probably in post-diapause development. The survival of WD80 at Ϫ23°C was a little lower than that of WD40. This was also probably due to the presence of pupae that had completed diapause development. In this connection, the decrease in trehalose after day 40 in summer-diapausing pupae and after day 80 in winter-diapausing pupae may be related to completion of diapause development in an increasing number of pupae.
In D. antiqua, the upper threshold temperature for normal larval and pupal development appears to be less than 30°C. At 30°C, non-diapausing D. antiqua larvae and pupae could not complete development (Tomioka, 1977) . Development of cyclorrhaphous fly puparia is divided into two distinct stages, the cryptocephalic and phanerocephalic stages (Fraenkel and Bhaskaran, 1973) . Head evagination, which corresponds to 'pupation' in lepidopteran insects, divides these two stages. Under diapause-inducing conditions, development of puparia stops shortly after head evagination, i.e., at the beginning of phanerocephalic stage (Fraenkel and Hsiao, 1968; Ishikawa et al., 2000) . In the present study, survival of non-diapausing pupae at 35°C decreased sharply when the treatment exceeded 6 days. It appears that non-diapausing pupae at the early phanerocephalic stage have superior high-temperature tolerance, however, it is lost rapidly as pupal development progresses. Since trehalose is not accumulated in non-diapausing pupae (Fig. 4a) , the presence of early-phanerocephalic-stage specific factors that confer tolerance is strongly suggested.
D. antiqua is freeze-intolerant, that is, the insect cannot survive below its supercooling point. The supercooling point of pupae in the phanerocephalic stage is lower than Ϫ28°C except for the last period when rapid adult morphogenesis is in progress (Ishikawa, unpublished data) . This temperature is greater than 5°C below the lowest temperature examined in the present study. Thus, the cause of death after cold exposure treatments in the present study was not freezing, but cold injury. The changes in the supercooling points associated with the development of non-diapausing pupae, those associated with diapause and those associated with cold-acclimation have been investigated in detail and will be reported elsewhere.
The present study suggested that factor(s) other than accumulation of trehalose are involved in the enhanced tolerance of diapausing pupae. Further studies are required to clarify the mechanism for enhanced tolerance associated with summer and winter diapause.
